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Abstract. We find that the end state of black hole evaporation could be represented by
non-singular and without event horizon stable solitonic remnants with masses of the order the
Planck scale and up to ∼ 16 units of charge. Though these objects are locally indistinguish-
able from spherically symmetric, massive electric (or magnetic) charges, they turn out to be
sourceless geons containing a wormhole generated by the electromagnetic field. Our results
are obtained by interpreting semiclassical corrections to Einstein’s theory in the first-order
(Palatini) formalism, which yields second-order equations and avoids the instabilities of the
usual (metric) formulation of quadratic gravity. We also discuss the potential relevance of
these solutions for primordial black holes and the dark matter problem.
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1 Introduction
The idea that gravitationally collapsed objects of very low mass could have been formed by
large amplitude density perturbations in the very early universe was proposed by S. Hawking
more than 40 years ago [1]. Conservative estimations, based entirely on the use of classi-
cal general relativity (GR), suggested that primordial black holes (PBHs) should exist with
masses from 10−5g upwards. Some years later, Hawking also found that quantum instabili-
ties inherent to the existence of the event horizon render such PBHs quantum mechanically
unstable [2]. This implies that only PBHs with masses above 1015g could have survived until
today [3]. Determination of their current abundance could shed useful light on the primordial
power spectrum at very small length scales [4], on the fraction of dark matter that could be
attributed to these objects [5], and on their effect on big bang nucleosynthesis [6].
Hawking’s result on the evaporation of black holes was derived assuming the propagation
of quantum fields in the classical background described by GR. In this sense, we note that
renormalizability of the matter fields in curved space-times requires a high-energy comple-
tion of the Einstein-Hilbert gravitational Lagrangian that involves quadratic curvature terms
[7, 8]. These contributions generally involve higher-order derivatives of the metric which,
besides making it more difficult to find exact solutions, at the perturbative level imply the
existence of ghostlike particles that violate unitarity, break causality, and generate inadmissi-
ble instabilities [9]. However, it has been shown that quadratic curvature terms interpreted in
a first-order (or Palatini) formalism, which has interesting connections with non-perturbative
approaches to quantum gravity [10], yield second-order field equations that in vacuum boil
down to those of GR and, consequently, are ghost-free. This property is known as the uni-
versality of Einstein’s equations in the Palatini approach [11, 12]. Therefore, the Palatini
formulation avoids fundamental problems present in the more standard (metric) formulation
of the semiclassical theory. Given our current understanding of quantum gravity and the lack
of evidence supporting that the space-time structure should be Riemannian or otherwise at
arbitrarily short distances, we find it worth exploring the effects that assuming metric and
connection as independent entities could have on the predictions of quadratic gravity. Work-
ing in the Palatini framework [13], therefore, here we find exact analytical solutions that are
in complete quantitative agreement with Hawking’s estimates [1] and, in addition, support
the view that the end state of black hole evaporation needs not be pure radiation, that stable
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remnants with a mass of order the Planck mass, mP ∼ 2.18 × 10−5g, may arise. In fact, we
find a family of geon-like solitonic objects [14], i.e., non-singular entities entirely supported
by the gravitational and electromagnetic fields, with a discrete mass spectrum given by
M ≈ 1.23605
(
Nq
N cq
)3/2
mP , (1.1)
where Nq > 0 represents the number of (electric) charges that a local observer would measure
and N cq ≡
√
2/αem ≈ 16.55, where αem is the electromagnetic fine structure constant. If
Nq ≤ N cq , these objects are not hidden behind an event horizon, which makes them stable
against Hawking decay.
2 Theory and solutions
To proceed, we will first obtain solutions of the theory assuming the existence of a spherically
symmetric electric (or magnetic) field. Then we will show that a wormhole structure arises
naturally and allows to consistently interpret these solutions as geons. Our theory is described
by the following action:
S[g,Γ, ψm] =
1
2κ2
∫
d4x
√−g [R+ l2P (aR2 +RµνRµν)]
− 1
16pi
∫
d4x
√−gFµνFµν , (2.1)
where κ2 ≡ 8piG/c4, l2P ≡ ~G/c3 represents the Planck length squared, a is a free parameter,
Fµν is the electromagnetic field strength, gµν is the space-time metric, R = gµνRµν , Rµν =
Rρµρν = Rνµ, and Rαβµν = ∂µΓανβ − ∂νΓαµβ + ΓαµλΓλνβ − ΓανλΓλµβ . The connection Γαµν is a
priori independent of the metric (Palatini formalism) and must be determined by the field
equations [15]
fRRµν − f
2
gµν + 2l
2
PRµαR
α
ν = κ
2Tµν (2.2)
∇β
[√−g (fRgµν + 2l2PRµν)] = 0 , (2.3)
where f = R + l2P (aR
2 + RµνR
µν), fR ≡ ∂Rf , and Tµν = 14pi (FµαFνα − 14FαβFαβgµν). The
second of these equations follows from variation of the action with respect to the connection
and can be formally solved by means of algebraic manipulations [15]. The result implies that
Γαµν can be written as the Levi-Civita connection of an auxiliary metric hµν , which is related
with gµν by
hµν =
gµαΣα
ν
√
det Σ
, hµν =
(√
det Σ
)
Σµ
αgαν . (2.4)
When Tµν represents a monopolar Maxwell field, Σµν takes the form (using matrix notation)
Σµ
ν =
(
σ−Iˆ 0ˆ
0ˆ σ+Iˆ
)
, (2.5)
where Iˆ and 0ˆ represent the 2× 2 identity and zero matrices, respectively, and
σ± = 1±
r2q l
2
P
r4
, (2.6)
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where r2q ≡ κ2q2/4pi, q2 is the total charge squared, and we have used that for the electro-
magnetic field R = 0 and RµνRµν = r4q/r8, which follow from the field equations and coincide
with their values in GR. In terms of hµν , Eq.(2.2) boils down to [16]
Rµ
ν(h) =
r2q
2r4
(
− 1σ+ Iˆ 0ˆ
0ˆ 1σ− Iˆ
)
. (2.7)
These equations exactly recover GR in the limit ~→ 0 (or lP → 0). Assuming a spherically
symmetric line element for hµν , the solutions to Eq.(2.7) can be readily found. Transforming
this solution back to gµν using Eq.(2.4), one finds that ds2 = gttc2dt2 + grrdr2 + r2dΩ2 is
given by
gtt = −A(z)
σ+
, grr =
σ+
σ−A(z)
, A(z) = 1− [1 + δ1G(z)]
δ2zσ
1/2
−
, (2.8)
where z ≡ r/rc, rc ≡
√
rqlP , and we have defined
δ1 =
1
2rS
√
r3q
lP
, δ2 =
√
rqlP
rS
. (2.9)
Here rS ≡ 2GM/c2 represents the Schwarzschild radius of the zero charge solution. The
function G(z) satisfies
dG
dz
=
z4 + 1
z4
√
z4 − 1 . (2.10)
Note that expanding Eqs.(2.10) and (2.8) far from the center (z  1, or r  lP ), we recover
the expected GR limit:
gtt = −
(
1− rS
r
+
r2q
2r2
)
+
r2q l
2
P
r4
+ . . . . (2.11)
The curvature scalars R(g), Rµν(g)Rµν(g), and Rαβµν(g)Rαβµν(g) also recover the GR values
with corrections ∼ r4q l4P /r10, ∼ r4q l2P /r10, and ∼ rSr2q l2P /r9, respectively. This puts forward
that a few lP units away from the center, the geometry is virtually indistinguishable from
the usual Reissner-Nordström solution of GR. However, as z → 1 the geometry undergoes
important non-perturbative changes, as we will see below. An exact solution of (2.10) in
terms of infinite power series expansions appears in [16].
3 Wormhole extension
The line element of the metric (2.8) can also be expressed as
ds2 = gttdv
2 + 2dvdr∗ + r2(r∗)dΩ2 , (3.1)
where r = r(r∗) is such that (dr∗/dr)2 = −gttgrr = 1/σ−, v = ct + x(r), and (dx/dr)2 =
−grr/gtt. The line element (3.1) puts forward that the geometry is fully characterized by the
functions gtt and r(r∗). The relation between z and z∗ ≡ r∗/rc can be found by direct inte-
gration and is given by z∗(z) = 2F 1
[−14 , 12 , 34 , 1z4 ] z, where 2F 1 is a hypergeometric function.
For z  1, we have z∗ ≈ z, whereas for z → 1 we find z∗ ≈ z∗c +
√
z − 1 + 512(z − 1)3/2 + . . .,
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where z∗c ≈ 0.59907. The relation between z and z∗ is monotonic and invertible in the region
z ≥ 1. From (2.10) we also see that G(z) is only defined for z ≥ 1. Thus, the radial coordinate
r has the range rc ≤ r < +∞, which is reminiscent of a wormhole geometry, where r = rc
(or z = 1) would correspond to the presence of a wormhole throat. To better understand the
geometry, we expand around z ≈ 1 obtaining
gtt =
(1− δ1/δ∗1)
4δ2
√
z − 1 −
1
2
(
1− δ1
δ2
)
+O(
√
z − 1) , (3.2)
where δ∗1 ≈ 0.5720 is a constant needed to match the series expansions of G(z) in the z → 1
and z  1 regions. Though the expression (3.2) is in general divergent as z → 1, for the
particular choice δ1 = δ∗1 the expansion is regular and yields a smooth geometry. This is also
supported by the fact that for δ1 = δ∗1 the Kretschmann scalar of gµν at z = 1 is finite:
Rαβµν(g)Rα
βµν(g) =
1
(rqlP )2
(
16− 32
3
rq
lP
+
22
9
r2q
l2P
)
. (3.3)
R(g) and Rµν(g)Rµν(g) are also finite in this case.
It must be noted that though in the construction of z∗(z) we have implicitly assumed that
dz∗/dz = 1/σ1/2− , for δ1 = δ∗1 , a solution with dz∗/dz = −1/σ1/2− is also possible. Moreover,
since for δ1 = δ∗1 the geometry at z = 1 is smooth [see Eqs.(3.2) and (3.3)], the divergence of
dz∗/dz at this point simply states that the function z(z∗) has reached a minimum at z∗c (see
Fig. 1). For values of z∗ < z∗c , the branch with dz∗/dz < 0 describes a new region across the
throat of the wormhole, in which the area of the 2−spheres grows as z∗ → −∞. The relation
between z and z∗ is thus given by (see Fig. 1)
z∗ =
{
2F 1
[−14 , 12 , 34 , 1z4 ] z if z∗ ≥ z∗c
2z∗c − 2F 1
[−14 , 12 , 34 , 1z4 ] z if z∗ ≤ z∗c (3.4)
The coordinate r∗ = rcz∗ is thus defined from −∞ to +∞, and the area A = 4pir2(r∗) of
the 2−spheres undergoes a bounce after reaching a minimum at z∗ = z∗c , which manifests
a genuine wormhole structure connecting two regions through a (spherical) tunnel of radius
rc. Unlike other known wormhole solutions that require exotic matter sources to generate a
pre-designed geometry [17], our solution comes out naturally from the field equations and is
entirely supported by an electric field.
4 Geon structure and solitonic interpretation
The smooth wormhole structure of the solutions with δ1 = δ∗1 implies that the lines of force
of the electric field enter through one of the wormhole mouths and exit through the other
creating the illusion of a negatively charged object on one side and a positively charged
object on the other. The locally measured electric charge can be obtained by computing
the flux Φ ≡ ∫S ∗F = 4piq through any 2−surface S enclosing the wormhole throat, where
∗F represents the 2-form dual to Faraday’s tensor (note, in particular, that if S is taken
as a 2−sphere, the respective normal vectors to the 2−spheres pointing in the direction of
increasing r on both sides of the wormhole differ by a sign, which explains the different sign
of the charge measured locally). This shows that no real sources generate the field, which
is fully consistent with the sourceless gravitational-electromagnetic equations of our theory
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Figure 1. The minimum of z(z∗) occurs at z∗c ≈ 0.599, where dz/dz∗ vanishes, dG/dz∗ reaches its
maximum, and gtt has an extremum. We have plotted gtt with δ1 = δ∗1 for Nq = 1 (solid orange) and
Nq = N
c
q , 2N
c
q , 3N
c
q , 5N
c
q , 7N
c
q (dotted orange). Note that for Nq = 1 we have gtt ≈ −1 for z & 2.
(2.1) and with Wheeler’s definition of geons [14]. It is worth noting that the electric flux
per surface unit at z = 1, Φ/4pir2c , which represents the density of lines of force crossing the
wormhole throat, turns out to be a universal quantity, Φ/4pir2c = q/r2c =
√
c7/(~G)2/
√
2,
that only depends on ~, c, and G. The fact that this quantity is independent of the charge
and mass of the particular solution considered supports the view that the geon structure is
also present when δ1 6= δ∗1 , i.e., that z = 1 always defines a wormhole throat traversed by
a sourceless electric flux. This puts forward that the space-time geometry can be extended
to the z∗ < z∗c region even for solutions with δ1 6= δ∗1 , for which curvature scalars diverge at
z = 1 (the divergence goes as ∼ 1/(z − 1)3 and is much weaker than in GR, ∼ 1/r8).
Having extended the geometry to the whole range of r∗ (the real axis), one finds that the
addition of the electromagnetic energy stored in the field, Ee.m. = −
∫∞
−∞ dr
∗r2dΩ 116piFµνF
µν ,
with the gravitational binding energy (as given by the evaluation of the gravitational action
on the solution), turns out to be ETot = q2rcδ∗1 = 2
δ1
δ∗1
Mc2. Remarkably, taking into account
the existence of the two sides of the wormhole, this result indicates that when δ1 = δ∗1 the
gravitational mass of the system as locally measured on one side of the wormhole is entirely
due to the energy generated by the electric field on that side of the wormhole, Mc2 = ETot/2,
which naturally allows to interpret such solutions as geonic solitons.
5 Stability and quantum properties
Though the solitonic solutions just found are classically stable for topological reasons [18],
it is also true that quantum instabilities due to the existence of an event horizon may force
their decay into states with δ1 6= δ∗1 . In this respect, a numerical search of the horizons using
the exact solution of (2.10) when δ1 = δ∗1 shows that the sign of the term (1− δ∗1/δ2) in (3.2)
determines whether an event horizon exists or not [16]. Since δ∗1/δ2 = rq/2lP , it follows that
the event horizon is absent if rq < 2lP . This inequality can be written as a constraint on
the charge of the system. In fact, expressing the charge as q = Nqe, where e is the electron
charge and Nq the number of charges, one finds that rq = 2lPNq/N cq , where N cq ≈ 16.55
was defined below Eq.(1.1), which leads to δ∗1/δ2 ≡ Nq/N cq . Therefore, for Nq > N cq an
event horizon exists (and its location is almost coincident with the prediction of GR for
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Nq & 30 [16]). However, objects with Nq < N cq have no event horizon, which guarantees their
stability against Hawking decay. Moreover, the regularity condition δ1 = δ∗1 , which according
to (2.9) establishes a constraint between the mass and the charge of the object (and also
the identification of gravitational mass with the soliton energy), can be rewritten to yield
Eq.(1.1), which sets a minimum mass of Mq=1 ≈ mP /55.
The fact that solitonic states stable against Hawking decay exist in the lowest band of
the mass and charge spectrum of our theory strongly supports the view that the end state
of black hole evaporation might be represented by these objects. The condition δ1 = δ∗1
could thus be seen as a quantum rule that selects a discrete set among the classically allowed
solutions, similarly as stable orbits arise in Bohr’s atomic model.
6 Concluding remarks
The potential existence of stable massive particles has been thoroughly investigated in the
last years in connection with the dark matter problem [19]. The results presented here offer a
gravitational alternative to this issue in the form of horizonless geonic solitons stable against
Hawking decay [see Eq. (1.1)]. Though the innermost structure of these objects is non-
trivial, for scales larger than a few times lP they are virtually indistinguishable from the
usual charged Reissner-Nordström black holes of GR [see Eq.(2.11)]. In this sense, it should
be noted that our results are fully compatible with Hawking’s original estimates, who found
that primordial black holes with masses larger than ∼ 10−5g and up to ∼ 30 charges could
be formed through classical collapse [1]. Therefore, following Hawking’s prediction, one could
expect that a considerable amount of such stable objects could have been produced in the
early universe [20]. From our solutions, however, it might be argued that the electric field
at the wormhole throat is sufficiently intense as to induce the creation of pairs out of the
vacuum, whose existence would alter our results (an issue that also applies to GR). Though
such quantum polarization effects have been neglected in this work (like in the standard
analysis in GR), it will be shown elsewhere [21] that the qualitative picture provided by
our model is robust against quantum corrections coming from the matter sector. In fact,
assuming that the matter quantum corrections end up generating nonlinear contributions in
the electromagnetic sector, one can explicitly show that the wormhole structures found here
persist. Moreover, the resulting mass spectrum can be largely reduced by many orders of
magnitude due to the nonlinear matter corrections. As a result, stable solitonic structures
such as those presented here with massess within the observational constraints established for
charged massive particles (CHAMPs) [22] could have been naturally produced in the early
universe.
As Hawking pointed out, these objects could become neutral and non-relativistic by
capturing free charges to form ultra-heavy atoms (see also [22] for more details on the ex-
pected phenomenology of these objects). On the other hand, since our theory admits both
electric and magnetic monopolar solutions, the combination of pairs with opposite charges
into bound states may also provide another source of massive neutral particles, which we ten-
tatively denote geonium. In this sense, it has been argued [23] that the binding energy of two
magnetic monopoles (monopolium) could significantly reduce the energy threshold required to
generate the pair, which could facilitate the production and detection of geonium in particle
accelerators [24]. These objects are also likely to arise in the last stages of black hole evapo-
ration, when large amounts of energy are expected to be radiated away through the emission
of all kinds of particles. In summary, due to their heavy mass and stability against Hawking
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decay, our solutions represent natural candidates for PBHs and black hole remnants [25] and,
consequently, for dark matter. Their existence naturally implies a maximum temperature for
the black hole evaporation process, which could justify the lack of observational evidence for
black hole explosions [26].
To conclude, we note that our model combines ideas coming from the quantization of
matter fields in curved backgrounds [7, 8] with others that have allowed important progress
in the canonical non-perturbative quantization of GR [27], namely, that when metric and
connection are regarded as independent geometrical entities unexpected aspects of the mi-
crostructure of the space-time may arise. Though the semiclassical aspects of Palatini theories
are not yet well understood, the analytical tractability of the model (2.1) and the potential
implications that the results obtained within this framework may have for the understanding
of dark matter, black holes, and the very structure of space-time and elementary particles
justify its interest and motivate further research in this direction.
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